Two-dimensional staggered silver nanosheets (NSs) immobilized on a flat aluminium foil have been synthesized by keeping the underside surface of the foil in contact with the solution of normal silver mirror reaction. The NSs are hundreds of nanometres to several micrometres in dimensions and tens of nanometres in thickness. The effects of the aluminium foil, a chemically active substrate, on the orientation growth of silver nanosheets has been revealed. The results demonstrated that the growth and the morphology control of the silver nanostructure were simply realized in one process by the introduction of a chemically active substrate.
Introduction
Metal nanomaterials have attracted steadily growing attention due to their potential applications in optics [1] , magnetics [2] , catalysis [3] , electrochemistry [4] and biotechnology [5] , etc. It has also been proven experimentally [6] and theoretically [7] that the sizes and shapes of the nanosized metallic particles influence the properties remarkably.
Recently, colloid chemistry has been widely applied to synthesize metal nanoparticles with various structures such as triangular prisms [8] , cubes [9] , rods [10] and wires [11] . Among those, silver nanosheets were usually synthesized in solutions by the reduction of silver salts [12, 13] . In most cases, a variety of functional organic species were applied to change the growth rates of different crystal planes of the silver nanocrystals, and this finally led to the formation of sheet-like nanoparticles. However, metal colloidal nanoparticles dispersed in liquid phase cannot be used directly for some purposes, for example, catalysis, because the separation and recycling of the metal particles should be taken into account [3] . So an additional procedure is required to immobilize nanocatalysts to a solid substrate to form two-dimensional (2D) nanostructures [3] . A number of one-step techniques including physical vapour deposition [14] , electrochemical plating [15] and galvanic replacement [16] have been developed for fabricating 2D nanostructures. Without the help of templates or surfactants, the nanoparticles deposited on liquid/solid or gas/solid 1 Author to whom any correspondence should be addressed.
interfaces usually form island-like structures or particle films as predicted theoretically [17, 18] . Here, we desire to report a 2D nanostructure of oriented silver NSs generated by direct deposition of the silver onto an aluminium foil. This nanostructure with high surface-to-volume ratio is potentially applicable in catalysis. Furthermore, the method utilized in this paper can be extended to fabricate other 2D metal nanostructures.
Experimental details

Materials
Silver nitrate (99.8%) was purchased from Beijing Chemical Plant (Beijing, China). Ammonia (25%) was a product of Tianjing 3rd Chemical Reagent Plant (Tianjing, China). Glucose monohydrate (99%) was purchased from Beijing Yili Fine Chemical Corporation (Beijing, China). Aluminium nitrate nonhydrate (99%) was bought from Tianjing Fuchen Chemical Reagent Plant (Tianjing, China). High purity aluminium foil (thickness = 0.2 mm, purity = 99.999%) was obtained from Colored Metal Institute of China (Beijing, China). All the reagents were used as received without further purification.
Synthesis of 2D staggered silver nanosheets on aluminium foil
Typically, about 2.5 ml ammonia (1.10 mol l −1 ) was dropped into 10.0 ml silver nitrate aqueous solution (0.12 mol l −1 ) ). An aluminium foil pretreated by 1 mol l −1 aqueous hydrochloride solution was fixed parallel to the surface of the solution for about 60 min, with its underside surface in contact with the solution. After the deposition, the silver 2D NSs on the aluminium foil were rinsed with deionized water and dried in a vacuum oven at room temperature. For characterization of an individual silver NS by TEM, the aluminium foil was dissolved in a 3 mol l −1 aqueous solution of sodium hydroxide. The silver NSs were collected by centrifugation and rinsed with deionized water thrice, then redispersed into water ultrasonically. The suspension was dropped onto a carbon-coated copper grid and dried in a vacuum oven at room temperature.
Synthesis of silver nanosheets in solution
The aqueous mixture containing Ag(NH 3 ) 2 OH and glucose was prepared through the same procedures as those described in section 2.2. Without immersing an aluminium foil, 2.0 ml aluminium nitrate aqueous solution (0.1 mol l −1 ) was added to the mixture. A powdery dark precipitation was formed within 60 min and then separated by centrifugation and rinsed with deionized water thrice. The suspension was dropped to a flat silicon wafer or a carbon-coated copper grid for SEM or TEM examinations.
Characterization
The scanning and transmission electron micrographs were taken using a S530 scanning electron microscope (Hitachi) and a JEM 2010 transmission electron microscope (JEOL), respectively. Figure 1 shows the SEM images of the oriented 2D silver NSs grown on a flat aluminium foil. As can be seen from this figure, the substrate is fully covered with the silver NSs. Most of the NSs stand on the Al foil with their planes perpendicular to the surface of the substrate, and their sizes range from hundreds {224} and {224} diffractions, respectively. of nanometres to several micrometres. An SEM image with higher magnification is illustrated in the inset of figure 1, which shows that the thicknesses of the NSs are 25 ± 5 nm. Furthermore, there is no spherical nanoparticle on the obtained 2D silver pattern, which implies that the reaction is highly selective for generating a plate-like nanostructure. Here, we must emphasize that the position of the aluminium foil fixed in the reaction solution is a key point in controlling the final morphology of the 2D nanostructures. If the foil were placed at the bottom of the solution, the silver NSs would be partially covered by spherical nanoparticles that are rather difficult to be removed completely by rinsing or ultrasonic vibration. So we fixed the foil carefully to make its lower surface in contact with the solution and kept its upper surface outside the solution. This modification can effectively avoid irregular deposition and generate a particle-free 2D nanostructure. Figure 2 shows a TEM image of several silver NSs, in which the largest NS has a size of about one micrometre. The inset of this figure shows the corresponding selected area electron diffraction (SAED) pattern with the incident electron beam perpendicular to the flat plane. The hexagonal spot array is assigned to the [111] orientation of the silver face centred cubic (fcc) structure. This result indicates the NS is a silver single crystal and lies flat on its [111] plane. The energy dispersive x-ray (EDX) spectral result also confirms that the NSs are made of metallic silver. The sizes of the NSs in figure 2 are not uniform and most NSs are 300-400 nm in dimension, about one third to one half that of the largest sheets. In spite of the difference in dimension, the crystal angle of the NSs is always 120
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• , which is a distinct feature. And as we know, if all the inner angles of a planar polygon are 120
• , their sides will geometrically define a hexagon, no matter whether the lengths of their sides are equal or not. Accordingly, the individual NS shown in figure 2 can be regarded as a half-deformed hexagon. The irregular edges of the NSs were rooted on the aluminium foil, and the flat edges were formed later than the root parts and have a structure similar to that of NSs synthesized in solution through other colloid reaction routes [13] . Figure 3 shows the SEM images of the silver nanostructures with different growing times. It can be seen from this figure that a number of small nanoparticles are generated on the aluminium substrate in the initial stage of the deposition ( figure 3(a) , 5 s), and most of them are vertical nanoplates with dimensions up to 100 nm. These plates are randomly staggered with each other to give an incipience of the final 2D pattern. Figures 3(b) and (c) show the morphologies of the silver nanostructures grown for 15 and 60 s, respectively. Within this time period, the dimensions of NSs increase rapidly and the reaction exhausts the silver species close to the frontiers of NSs quickly, which results in a gradient of the concentration of silver ions. On the other hand, it is clear from figure 3 that the growing rates of all the NSs are not exactly the same, and there is a small difference among the dimensions of the NSs because of some stochastic factors. Under the diffusioncontrolled situation caused by the gradient of the concentration, the larger NSs have more silver species to deposit on them and grow much faster than the others. As a result, some of the NSs were well developed to dimensions of several micrometres, while others were deficient in growth and were sheltered by the larger nanosheets. So the number density of the observable silver NSs in figure 3(f) (grown for 1 h) is unexpectedly lower than those shown in figures 3(b)-(e) .
The surface property of the aluminium foil can also affect the morphology of the 2D silver nanostructure. When a commercial aluminium foil was used without any pretreatment, as shown in figure 4(a) , the silver NSs grew from some active sites on the substrate and gave an interesting flowerlike morphology. In spite of the fairly low number density of such flowers, the diameters of them are up to approximately 10 mm. that they join together because the distance between the centres of two neighbouring flowers is less than the sum of their radii. Therefore, the flowers lost their individual outlines and united into a continuous 2D silver nanostructure. It is well known that there is a hard and tough oxide film on the aluminium substrate, mainly due to the reaction of aluminium and oxygen in air, and the film prevents almost all the aluminium atoms in the bulk from contacting with the environment [19] . However, after the removal of the aluminium oxide film by aqueous hydrochloride solution, many more aluminium atoms were exposed to the silver ammonia solution and this resulted in the formation of more silver flowers. The experimental results described above imply that the formation of the silver NSs is an aluminiumdependent process.
To understand the mechanism of silver nanosheet growth, we immersed an aluminium foil into a silver nitrate aqueous solution without addition of any other solute. The solution was prepared by adding 17.5 ml H 2 O to 10 ml 0.12 mol l −1 AgNO 3 solution, so it had the same volume as the silver mirror reaction solution used in fabricating the 2D silver nanostructure. In this case, silver nanoparticles with irregular shapes and sizes were generated, as shown in figure 5(a) . However, when an aluminium foil was immersed into a freshly formed Ag(NH 3 ) 2 OH solution (prepared as routine and diluted by 15 ml H 2 O), the galvanic replacement between the metals generated ultrathin silver NSs, as shown in figure 5(b) . The NSs are too thin and not strong enough to support their own planar structures, and they scrolled during the drying process. The reactions of the two systems described above can be represented by equations (1) and (2), respectively.
(2) Therefore, the formation of Al(OH) 3 in the alkaline medium by reaction 2 is possibly the main reason for the formation of silver nanosheets.
The silver mirror reaction is a classical approach for coating a reflective film on a chemically inert solid surface. Here, we used a flat silicon wafer as the substrate and it was set at the bottom of the silver reaction mixture. After the reaction completed, both the particles deposited on the silicon substrate and those dispersed in the reaction solution were all characterized to be irregular nanoparticles, and no sheet-like particle could be found. The experimental results demonstrated that glucose is a nonselective reduction agent. However, if we introduced a certain amount of aluminium nitrate into the silver mirror reaction mixture, a dark powdery deposition was produced and no silver mirror was observed on the wall of the beaker. The SEM and TEM images shown in figure 6 indicate that the product is entirely composed of silver NSs and no spherical nanoparticle is present. Furthermore, the NSs share similar features with those shown in figure 2 ; for example, most of the NSs also have at least one crystal angle equal to 120
• . It is well known that the state of the aluminium species in an aqueous solution strongly depends on the pH value of the environment. In this soft alkaline medium (pH = 10) of silver mirror reaction mixture, the aluminium salt would immediately transform into aluminium hydroxide [19] . So, the dominant role of aluminium hydroxide has been proven experimentally. As regards the detail of the mechanism, we suggest that the hydroxide can be selectively adsorbed on the [111] crystal plane of silver, and this restrains the growth of this crystal plane. Comparing figures 1 and 5(b), we find an obvious increment of the NSs thickness with the presence of glucose. This implies a partial counteraction of glucose to the selective growth of SNs and demonstrates the nonselective effect of glucose again.
Conclusions
Replacing the inert substrate with a chemically active aluminium foil in a normal silver mirror reaction can generate 2D oriented silver NSs. The experimental results indicated that the silver deposition and the morphology control were combined into one process. The aluminium substrate can release a trace amount of hydroxide species during the reaction, and the hydroxide induces the formation of oriented silver NSs. We believe that the method developed here can be extended to the fabrication of 2D nanostructures of other metallic materials.
